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ABSTRACT

Stable isotope records of precipitation δ18O 
(δ18Oprec) have been used as paleoclimate and 
paleoelevation archives of orogens. However, 
interpretation of these records is limited 
by knowledge of how δ18Oprec responds to 
changes in global and regional climate dur-
ing mountain-building events. In this study 
the infl uence of atmospheric CO2 levels, the 
extent of the Antarctic ice sheet, changes in 
Andean surface elevation, and the presence 
of the South American inland seaway on cli-
mate and δ18Oprec in South America are quan-
tifi ed using the GENESIS v3 atmospheric 
general circulation model with isotope-track-
ing capabilities. Results are presented in the 
context of Cenozoic South American climate 
and δ18Oprec changes. More specifi cally, we 
fi nd: (1) Precipitation rates in the Andes are 
sensitive to Andean surface elevation, the 
seaway and, to a lesser extent, CO2 levels. In-
creasing Andean elevations and the presence 
of a seaway both cause large increases in pre-
cipitation, but in different parts of the Andes. 
The growth of the Antarctic ice sheet is found 
to have a small infl uence on South American 
precipitation. (2) The stable isotopic com-
position of precipitation is sensitive to all of 
the parameters investigated. An increase in 
δ18Oprec of up to 8‰ is found in simulations 
with higher atmospheric CO2. In agreement 
with previous studies, δ18Oprec decreases with 
increasing Andean elevation by an amount 
greater than that predicted by the modern 
adiabatic lapse rate. Furthermore, the pres-
ence of an inland seaway causes a decrease in 
δ18Oprec of 1–8‰ in the northern and central 
Andes. The amount of depletion is dependent 
on the isotopic composition of the seaway. 
Simulations without the Antarctic ice sheet 
result in δ18Oprec that is 0–3‰ lower than the 
modern. Finally, time-specifi c simulations for 

the Miocene and Eocene show that δ18Oprec 
has decreased during the Cenozoic and that 
local geographical gradients of δ18Oprec have 
increased, particularly in regions of high 
modern elevation. We demonstrate that in 
addition to Andean uplift and associated 
climate change, CO2 levels and an inland 
seaway are likely to have infl uenced δ18Ocarb 
records from South America. Consideration 
of these global and paleogeographic changes 
is necessary when interpreting paleoclimate 
or paleoelevation from stable isotope records 
of δ18Oprec.

INTRODUCTION

The Cenozoic was a time of major mountain 
building events and global cooling of ~10 °C 
(Lear et al., 2000). These events altered global 
atmospheric circulation patterns and led to polar  
glaciation (Ehrmann and Mackensen, 1992; 
Zachos et al., 1992). These large-scale changes 
should be recorded in stable isotope records from 
orogenic regions. However, unraveling these 
signals is diffi cult, partly because the isotopic 
responses to changing geologic boundary con-
ditions are not well constrained. Isotope-track-
ing climate models can be used to determine the 
response of the stable isotopic composition of 
precipitation (δ18Oprec) to changes in boundary 
conditions. The advantage to such an approach 
is that the spatial response to individual factors 
(e.g., surface uplift, global cooling, or Antarctic 
glaciation) can be quantifi ed.

Recent studies of the Andean Plateau have 
highlighted that terrestrial paleosol and lacus-
trine carbonate stable isotope (δ18Ocarb) records 
from South America are sensitive to both the 
paleo elevation and paleoclimate history of 
the orogen (Ehlers and Poulsen, 2009; Poulsen 
et al., 2010). These studies demonstrated how 
increasing Andean Plateau elevations and con-
sequent climate change alter δ18Oprec. However, 
global or regional climate and environmental 
changes that occurred during the evolution of 

the Andes were not taken into account. Further-
more, episodic occurrences of a marine seaway 
or freshwater lake in the Andean foreland have 
modifi ed the regional paleogeography during 
the Cenozoic (Frailey et al., 1988; Rasanen 
et al., 1995). A better understanding of the im-
pacts of these global and regional changes, as 
well as the impacts of changing Andean Pla-
teau elevations, on δ18Oprec in South America is 
needed in order to accurately interpret δ18Ocarb 
records from this region.

In this study, we complement previous work 
by using a global climate model with isotopic 
tracking capabilities to quantify the impacts of 
global climate and paleogeographic change on 
the isotopic composition of meteoric waters. We 
establish the relative importance of (1) atmo-
spheric greenhouse gas (CO

2
) composition, 

(2) the Antarctic ice sheet, (3) Andean eleva-
tion, and (4) the presence of a South American 
inland seaway on the climate and δ18Oprec in 
South America. We use these results to show 
the paleoclimate and paleoelevation signals that 
may be observed in δ18Ocarb records of South 
America.

BACKGROUND

South American Paleogeography 
and Paleoclimate

The ~7000-km-long Andean mountains 
(Fig. 1) formed primarily as a result of the sub-
duction of the Nazca plate beneath the South 
American plate. The morphology of the Andes 
varies considerably along strike with narrow 
ranges to the north and south separated by the 
wide Altiplano plateau of the central Andes (15–
27 °S, Fig. 1; Isacks, 1988). South America has 
been located in the lower latitudes for the past 
40 Ma and has drifted northwards by ~2° since 
10 Ma (Smith et al., 1981).

In the following we briefl y summarize the 
evolution of this orogen from south to north. 
In the southern Patagonian Andes, accelerated  
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cooling  and denudation began ca. 30 Ma 
(Thomson  et al., 2001) and indicates the onset 
of signifi cant deformation in this region. Defor-
ma tion propagated eastward before slowing 
at 14–10 Ma following the subduction of the 
Chilean  spreading ridge (Blisniuk et al., 2006). 
The Pampean  segment of the Andes (27–33 °S) 
is distinguished by a gap in modern volcanism 
over a region of fl at-slab subduction. Here, the 
main deformation phase in the principal Cor-
dillera occurred between 20 and 8.6 Ma (Ramos 
et al., 2002). Again, deformation propagated 
eastward from the main Cordillera into the Sierra 
Pampeanas  fold-and-thrust belt. In the central 
Andes, deformation began in the early Ceno-
zoic (60–40 Ma, DeCelles and Horton, 2003; 
McQuarrie  et al., 2005) and accelerated ca. 25 Ma 
coincident with a change in the subduction geom-
etry. The plateau formed mainly through crustal 
thickening and deformation that migrated east-
ward from the Altiplano-Puna Plateau into the 
foreland fold-and-thrust belt (Barnes et al., 2008; 
McQuarrie , 2002). Deformation in the Altiplano 
began 5–10 m.y. before the Puna region (All-

mendinger et al., 1997). North of the Altiplano, 
the Andean range narrows and splits into three 
separate Cordilleras (north of 2° N, Fig. 1). The 
northern Andes have a long history of deforma-
tion that is complicated by the subduction of the 
proto–Caribbean plate in addition to the Nazca 
plate (Gómez et al., 2005; Taboada et al., 2000). 
Earliest contractional deformation began in the 
Late Cretaceous when accretion of an oceanic  
plateau initiated formation of the Western Cor-
dillera and contemporaneous arc volcanism 
and crustal thickening began in the Central 
Cor dillera. After plate reorganization at ca. 28–
26 Ma, basin inversion in the foreland led to the 
uplift of the Eastern Cordillera in the late Oligo-
cene and early Miocene (Cooper et al., 1995; 
Parra et al., 2010).

Central South America was episodically sub-
merged under fresh or marine waters during the 
Neogene. Sedimentary evidence from the An-
dean foreland indicates the presence of a large 
lake (Frailey et al., 1988) or an inland seaway 
during the Miocene (Rasanen et al., 1995). Mio-
cene sedimentary deposits from Peruvian Ama-

zonia are interpreted to have formed in a range 
of environments from fl uvial (Latrubesse et al., 
2010) to marginal marine (Gingras et al., 2002; 
Rasanen et al., 1995). Evidence for a marine in-
fl uence includes diurnal cycles in rhythmic bed-
ding (Hovikoski et al., 2007; Hovikoski et al., 
2005), mangrove pollen (Hoorn, 2006), marine 
palynmorphs (Hoorn, 2006), marine ichno-
fossils (Gingras et al., 2002; Wesselingh et al., 
2002), and a high diversity of modern marine-
derived fauna (Lovejoy et al., 2006). Others 
have interpreted the sedimentary structures as 
a fl uvial system with avulsive rivers, megafans, 
swamps, and lakes (Latrubesse et al., 2010). The 
confl icting evidence for continental and marine 
infl uences in the same formation can be recon-
ciled by a scenario in which multiple incursions 
of brackish water occurred into an otherwise 
continental environment (Hovikoski et al., 2007; 
Hovikoski et al., 2010; Wesselingh et al., 2006). 
In a recent review, Hoorn et al. (2010) describe 
the following three phases of seaway incur-
sions in Amazonia; (1) ca. 24–16 Ma: lacus-
trine conditions alternating with episodes of 
fl uvial drainage and marginal marine infl uence; 
(2) ca. 16–11.3 Ma: maximum extent of lacus-
trine conditions with a marginal marine infl u ence; 
and (3) 11.3–ca. 7 Ma: complex environment 
of deltaic, estuarine, and fl uvial environments. 
Probable causes of the incursions include tec-
tonic loading of the foreland basin by the rising 
Andes and/or changes in eustatic sea level (Her-
nandez et al., 2005).

These paleogeographic changes all occurred 
in the context of Cenozoic global climate 
change. Carbon dioxide levels and global tem-
peratures have decreased throughout the Ceno-

zoic. Carbon dioxide concentrations were 
~900–1500 ppm in the middle to late Eocene 
(Pagani et al., 2005; Pearson et al., 2009) but 
have been relatively stable below ~500 ppm 
since the late Oligocene, ca. 25 Ma (Demicco 
et al., 2003; Royer, 2006). The Antarctic ice 
sheet initially developed ca. 34 Ma (Matthews 
and Poore, 1980; Miller et al., 1987; Zachos 
et al., 1992) and fl uctuated in size through 
the Oligocene and Miocene. The Eastern Ant-
arctic ice sheet stabilized ca. 14 Ma, and the 
modern ice sheet was established in the Plio-
Pleistocene (Siegert et al., 2008).

The Isotopic Composition of 
South American Precipitation

The isotopic composition of meteoric water 
is primarily controlled by equilibrium isotopic 
fractionation during evaporation and precipita-
tion (Gat, 1996). It is energetically more favor-
able for molecules containing the lighter isotope 
(16O) to be in the gaseous phase. Therefore, 
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Figure 1. Modern South American topography. Boxes delineate the 
regions discussed in the text.
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precipitation is more enriched in 18O than the 
vapor from which it formed, and the remaining 
vapor becomes isotopically depleted. This frac-
tionation is temperature dependent, with greater 
fractionation occurring at lower temperatures 
(Dansgaard, 1964).

In South America, δ18Oprec decreases generally 
from north to south, particularly south of 45 °S, 
due to decreasing temperature with increasing 
latitude (Rozanski et al., 1993). The δ18Oprec is 
also more negative inland than at the coasts as 
a result of Rayleigh distillation, the progressive 
rainout of the heavier isotope. These continental 
effects are weaker in the Amazon region due to 
recycling through evapotranspiration of mois-
ture with relatively high δ18Oprec (Salati et al., 
1979). A minimum in the δ18Oprec pattern occurs 
in eastern Brazil (40–50 °W, 20 °S) due to high 
precipitation rates and long vapor transport dis-
tances over which Rayleigh distillation occurs.

Further modifi cations to the general latitu-
dinal and continental pattern are caused by the 
presence of the Andean topography (Aravena 
et al., 1999; Gonfi antini et al., 2001; Stern and 
Blisniuk, 2002). The lifting of air masses over 
high topography induces adiabatic cooling and 
condensation on the windward side resulting in 
more isotopically depleted precipitation at high 
elevation and on the leeward side of the moun-
tain range (Dansgaard, 1964). Elevation effects 
are particularly strong in the central Andes, 
where the South American low-level jet stream 
brings moisture southwards, and convective 
precipitation is induced on the eastern Andean 
fl anks (Insel et al., 2009).

METHODS

Modeling Approach

A suite of climate-model simulations ( Table 1) 
is used to explore the response of South Ameri-
can climate and δ18Oprec to a range of climate 
controls that have changed during the mid-late 
Cenozoic. The simulations were run using the 
global climate model GENESIS (Thompson 
and Pollard, 1995, 1997). GENESIS is a multi-
component Earth systems model with an atmo-
spheric model derived from the National Center 
for Atmospheric Research’s CCM1 coupled 
to land-surface, soil, snow, sea-ice, and ocean 
components. In our version of GENESIS , water 
isotopic transport and fractionation processes 
have been added to the atmospheric physics 
(Mathieu et al., 2002). The 18O/16O and D/H 
ratios  are predicted in atmospheric vapor, liquid , 
and ice, and also in soil-water reservoirs. Frac-
tionation is modeled as a result of condensation 
and evaporation in the free atmosphere and from 
surface waters. Atmospheric isotopic ratios are 

transported using the same Lagrangian  trans-
port as for bulk vapor and clouds. We use a 
spectral resolution of T63 (~1.9° or ~210 km) 
for both the atmosphere and surface models . 
The atmospheric model has 18 vertical levels . 
Vegetation cover is prescribed based on Dorman  
and Sellers  (1989) and is identical in each simu-
la tion. The ocean is represented by a mixed-
layer slab model of 50-m depth. Oceanic heat 
transport is diffusive and zonally uniform. 
Atmo spheric trace-gas compositions are speci-
fi ed at preindustrial levels, except for carbon 
dioxide as described below. The isotopic com-
position of the oceans and other large water 
bodies is prescribed from modern observational 
data sets (Craig and Gordon, 1965; Epstein and 
Mayeda, 1953; Ferronsky and Brezgunov, 1989; 
GEOSECS , 1987). Orbital parameters are mod-
ern and constant in all experiments.

Each simulation was run for 55 years with iso-
tope tracking enabled for the last 25 years. The 
results presented here were averaged over the 
fi nal 20 years of each simulation. Twenty years 
is suffi cient time to establish the mean climatic 
state because the use of a slab ocean does not 
enable the simulation of the ocean-atmosphere 
interactions that drive variability on annual and 
longer time scales in the modern climate. While 
this is a limitation of this study, the slab-ocean 
model was chosen in order to maintain surface-
temperature equilibrium under increasing CO

2
 

levels. Furthermore, interannual variability is 
unlikely to be recorded in carbonate records of 
δ18Oprec that form over comparatively long time 
periods of hundreds to thousands of years. Ad-
ditionally, the changes in boundary conditions 
that we explore occur on time scales greater 
than that of carbonate formation.

Cenozoic Boundary Conditions

A series of simulations were completed that 
investigate the impact of (1) atmospheric CO

2
 

levels, (2) Andean elevation, (3) the South 
American Inland Seaway, and (4) the Antarctic 

ice sheet on δ18Oprec in South America. Bound-
ary conditions were specifi ed to capture the 
range of conditions during the Cenozoic. The 
set of simulations (Table 1) consists of a base 
level, or control run, representing preindustrial 
conditions and further simulations in which 
only one parameter is varied from the base-level 
conditions. The exceptions to this are two time-
specifi c simulations discussed at the end. The 
CO

2
 levels in the base-level simulation are 1× 

that of preindustrial levels (PIL) (280 ppm). Ad-
ditional simulations are run at 2× (560 ppmv) 
and 4× (1120 ppmv) PIL (Pagani et al., 2005; 
Pearson et al., 2009). The infl uence of Andean 
surface uplift is examined with simulations at 
varying Andean elevations. Figure 2A shows 
the modern Andean topography represented in 
the “Full Andes” simulations. Two additional 
experiments were completed with modern An-
dean elevations reduced by 50% (“Half Andes”) 
and set to 250 m (“No Andes”).

We have adapted a seaway reconstruction (Fig. 
2A) modifi ed from Hernandez et al. (2005) and 
Rasanen et al. (1995). The reconstruction repre-
sents the maximum likely extent of the seaway. 
The isotopic composition of the seaway is not 
known, in part because it is not clear whether the 
seaway had a marine connection. To address this 
uncertainty, two experiments were conducted 
with distinct isotopic compositions assigned to 
the seaway (δ18Oseaway). The fi rst experiment rep-
resenting a marine seaway has isotopic composi-
tions similar to the modern Atlantic with zonal 
values ranging from 1‰ near the equator to 0‰ 
at 50 °S. The second experiment represents a 
freshwater seaway with an isotopic composition 
of –6‰, the value of the modern Amazon River. 
The “marine” scenario could also represent a 
freshwater seaway that has undergone high rates 
of evaporation. These two simulations (SWmarine 
and SWfreshwater) encompass the range of potential 
infl uences a seaway could have on the δ18Oprec in 
South America.

Changes in Antarctic ice volume infl uence 
δ18Oprec by modifying the climate and by changing  

TABLE 1. MODEL EXPERIMENTS AND BOUNDARY CONDITIONS

sednAoNsednAflaHsednAlluF
1× CO2 Modern

SWmarine

SWfreshwater

NoIce
NoIce_modOcean (GSA DR)

Half Andes (GSA DR)
Half Andes, SWmarine (GSA DR)

No Andes

2× CO2 2× CO2 (GSA DR) Middle Miocene
2× CO2, Half Andes (GSA DR)

4× CO2 4× CO2 Eocene (NoIce, Ocean)

SW—Seaway; marine—marine isotopic composition (~1‰); freshwater—freshwater isotopic composition 
(–6‰); NoIce—topography and surface properties of the Antarctic ice sheet changed and ocean isotopic 
composition modifi ed for an ice-free world; NoIce_modOcean—Antarctic topography and surface properties 
changed, but oceanic isotopic composition is modern; N × CO2—CO2 levels at N times preindustrial level 
(280 ppm); GSA DR—GSA Data Repository (see footnote 1). Experiment results are shown in the Data 
Repository (see footnote 1) available online.
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oceanic isotopic composition (δ18Oocean). Our 
NoIce experiment simulates this using an ice-
free isostatically rebounded Antarctic paleo-
geography. The δ18Oocean is prescribed by 
subtracting 1.2‰ from modern δ18Oocean values. 

The NoIce experiment tests the maximum im-
pact of the Antarctic ice sheet on δ18Oprec for 
the Cenozoic because the Antarctic ice sheet is 
completely removed. An additional experiment 
(NoIce_modOcean, Table 1) explores the rela-

tive importance of climate and δ18Oocean changes 
to differences in δ18Oprec in the absence of the 
Antarctic ice sheet. In this experiment the Ant-
arctic ice sheet is removed, but δ18Oocean is set to 
modern values. The Greenland ice sheet was not 
modifi ed in our experiments. Due to its distant 
location from South America, the topog raphy 
and surface type of the Greenland ice sheet 
would have a very small effect on δ18Oprec in 
South America compared to the other boundary 
conditions explored here.

In addition to sensitivity tests of the boundary 
conditions described above, two time-specifi c  
simulations were designed to represent the 
(1) late Eocene (ca. 40 Ma) and (2) middle Mio-
cene (ca. 15 Ma). The Eocene scenario has no 
Antarctic ice sheet, an ice-free world δ18Oocean, 4× 
CO

2
 (1120 ppm), and No Andes elevation. The 

Miocene scenario has a modern Antarctic ice 
sheet, modern δ18Oocean, 2× CO

2
 (560 ppm), and 

Half Andes elevation. All simulations and their 
boundary conditions are summarized in Table 1.

RESULTS

Modern (Control) Simulation

GENESIS has been used to realistically simu-
late both modern and past climates (e.g., Sloan 
et al., 1996; Thompson and Pollard, 1995; Zhou 
et al., 2008). South American climate simulated 
in the control run compares well with modern 
data (Fig. 3, CMAP, CRU TS 2.0, NCEP 1, 
Kalnay  et al., 1996; Pearson and Palmer, 2000; 
Xie and Arkin, 1997). For example, tempera-
tures of ~25 °C in the Amazon and cooler tem-
peratures (<10 °C) at high elevation and high 
latitudes (south of 40 °S) compare well with ob-
servational data (Figs. 3A–3C). Predicted and 
observed precipitation patterns agree well, with 
high-precipitation rates in the Amazon (3–6 
mm/day) and northern and central Andes (up to 
12 mm/day). GENESIS also captures low-pre-
cipitation rates (<3 mm/day) at 30–40 °S (Figs. 
3D–3F). Discrepancies between the model and 
observations occur in eastern Brazil, where the 
model overestimates precipitation rates by up 
to 4 mm/day. This is likely due to local sea-
surface  temperatures being  too high as a result 
of using the slab-ocean model. Precipitation 
rates are also slightly too high on the eastern 
fl anks of the Andes.

Modern δ18Oprec patterns are well repre-
sented in the control simulation (Fig. DR4A1) 
when compared with currently available, and 

A

Precipitation (mm/day)
1 5 17151311973

C

Elevation (km)
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Figure 2. Model topography and austral summer climatologies for the modern simulation. 
(A) GENESIS modern South America topography. The location of the South American inte-
rior seaway is indicated by blue shading. The seaway is incorporated only in the SWfreshwater  
and SWmarine simulations (see Table 1). (B) Summer (December-January-February  [DJF]) 
average surface temperatures (°C). (C) Summer (DJF) average precipitation (mm/day) 
and 800 mb winds (m/s). Winds are not shown where surface elevation exceeds 2000 m. 
(D) Simulated amount-weighted summer δ18Oprec (‰).

1GSA Data Repository item 2011326, DR1: Re-
sults of additional experiments and DR2–5: Mean 
annual and seasonal results, is available at http://
www.geosociety.org/pubs/ft2011.htm or by request 
to editing@geosociety.org.
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sparse, observational  data sets (International 
Atomic Energy  Agency and World Meteorologi-
cal Organi zation, 1998–2010); Mathieu et al., 
2002; Poulsen et al., 2010). The δ18Oprec is high 
(>–6‰) over much of the Amazon basin  and is 

low (<–10‰) in the central Andes, southeast-
ern Brazil  (40–50 °W, 20 °S), and in the south-
ern Andes . Both the patterns and magnitude of 
δ18Oprec are similar to those simulated in other 
climate models of a similar resolution (Vuille 

et al., 2003) and higher resolution (Sturm et al., 
2007; Vuille et al., 2003). Any errors in climate 
simulation propagate into errors in δ18Oprec sim-
ulation. As a result, GENESIS may under- or 
over-estimate the magnitude of δ18Oprec where 

GENESIS, T63
(20 year average)

A

CRU TS2, 0.5° 
(1984–2001 average)

C

NCEP 1 reanalysis, 2.5 x 2.5
(30 year average)

B

Precipitation (mm/day)
1 5 17151311973

D

Genesis, T63 
(20 year average)

E

CMAP, 2.5° x 2.5°
(1979–2006 average)

F

CRU TS2, 0.5° 
(1984–2001 average)
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Figure 3. Model performance. Simulated and observed mean annual temperature (°C) (A–C) and precipitation 
(mm/day) (D–F). (A and D) GENESIS (this paper); (B) National Centers for Environmental Prediction (NCEP) 
1 reanalysis product at 2.5° resolution; (C and F) Climate Research Unit (CRU) TS2.0 at 0.5° resolution; and 
(E) Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP) at 2.5° resolution.
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precipitation  rates or temperatures are not well 
simulated. In eastern Brazil for example, simu-
lated precipitation rates are too high, which re-
sults in an underestimate of δ18Oprec. However, 
much of this paper focuses on the Andes, where 
the model successfully simulates a decrease in 
δ18Oprec from ~–6‰ at low elevations to as low 
as <–16‰ on the eastern central Andean fl anks 
(Fig. DR4A [see footnote 1]), comparable to 
modern meteoric waters. Observed stream water  
and precipitation δ18O decreases from ~–2 to 
–8‰ at low elevations to ~–11 to –18‰ at ~5 km 
elevation (Bershaw et al., 2010; Gonfi antini et al., 
2001). At 33 °S, river waters thought to refl ect 
winter δ18Oprec have values of –3‰ to –5‰ at low 
ele va tions, decreasing to ~–18‰ at 4-km ele-
va tion (Hoke et al., 2009). In GENESIS austral 
winter δ18Oprec ranges from –6‰ to –14‰ at the 
same latitude (Fig. DR4 [see footnote 1]). Simu-
lated δ18Oprec is also comparable to observations 
from the Pata gonian Andes (47–48 °S, Stern and 
Blisniuk, 2002). At these two southerly locations, 
the most depleted values may not be well simu-
lated because the model is too coarse to represent 
the full elevation where the range is narrow. We 
consider the model acceptable for the following 
experiments because it captures the important 
large-scale features of climate and δ18Oprec in 
South America. We show our results in compari-
son to the control run in order to highlight the im-
pact of particular changes in boundary conditions 
and to minimize the error in the results.

Sensitivity Experiments

For each change in model parameters, we 
present the changes in South American regional 
climate (Fig. 4) and δ18Oprec (Fig. 5). The main 
results discussed here are 20-yr austral summer 
(December-January-February [DJF]) averages. 
Because austral summer is the wet season in 
the central Andes, it dominates the weighted-
mean annual average δ18Oprec signal. The central 
Andes is also where many δ18Oprec records and 
paleo altimetry studies are focused. Because DJF 
is not the dominant rainfall season in other parts 
of South America, we also show mean annual 
(Fig. 6) and austral winter (Figs. DR2–DR5 [see 
footnote 1]) results.

CO
2
 Effects on δ 18Oprec

The global mean annual temperatures 
(MATs) are 12.6 °C, 15.4 °C, and 19.1 °C in 
the control (1× CO

2
), 2× CO

2
, and 4× CO

2
 

simulations, respectively. The temperature in-
crease of ~2.8 °C between 1× and 2× CO

2
 is 

consistent with other models and observational 
data sets (Knutti et al., 2006; Murphy et al., 
2004). Temperature increases are not spatially 
uniform (Fig. 4E), with temperatures increas-

ing more over land than over the oceans. At 
4× CO

2
, warming of 4–6 °C in the low-lati-

tude ocean is accompanied by an increase of 
8–10 °C in the center of the continent and an 
increase of 6–8 °C on the central Andean pla-
teau. At 4× CO

2
, precipitation decreases by up 

to 3–4 mm/day in the central Andean foreland 
and increases by up to 6–8 mm/day on the 
northeast coast (Fig. 4A).

At higher CO
2
 levels, δ18Oprec increases 

across South America with the exception of the 
Amazon basin (Fig. 5A). The maximum change 
occurs in the central Andes, where δ18Oprec 
is –8‰ (Fig. 5A) at 4× CO

2
, 6–8‰ (Fig. 5F) 

less negative than the modern. In the southern 
Andes , δ18Oprec is between –6‰ and –8‰ in the 
4× CO

2
 simulation, 2–3‰ less negative than in 

the control simulation. Increases in δ18Oprec can 
be attributed primarily to temperature controls 
(Fig. 4E) on the amount of kinetic fraction-
ation and to a lesser degree to changes in pre-
cipitation (Fig. 4A), which alter the amount of 
rainout. At higher temperatures, isotopic frac-
tionation during surface evaporation and cloud 
condensation is reduced. The specifi c humidity 
is also higher, which, according to distillation 
principles, leads to less negative δ18Ovapor. For 
the same precipitation pattern, the δ18O of water  
vapor is therefore less negative than the con-
trol simulation throughout the vapor transport 
path. In the Amazon region, δ18Oprec is –2‰ to 
–6‰, 1‰–3‰ more negative than in the con-
trol simulation. This decrease can be attributed 
to an increase in precipitation that enhances 
Rayleigh distillation. These effects of increased 
precipitation rates on δ18Oprec are geographi-
cally restricted. As the prevailing winds (Fig. 
2C) transport depleted moisture from the north-
east coast of Brazil westwards across the Ama-
zon basin and toward the central Andes, high 
temperatures and mixing with less depleted air 
masses counteract the depletion caused by high 
rainout rates over the Atlantic (Fig. 4A). At 2× 
CO

2
, the changes in precipitation, temperature, 

and δ18Oprec (Figs. DR1A and DR1F [see foot-
note 1]) relative to the control simulation are 
smaller in magnitude than at 4× CO

2
 but follow 

a similar pattern.

Andean Elevation Effects on δ 18Oprec

In agreement with other studies (Campetella 
and Vera, 2002; Ehlers and Poulsen, 2009; 
Insel et al., 2009; Lenters and Cook, 1995), 
the elevation of the Andes is shown to exert a 
strong control on the regional climate. In the 
No Andes simulation, precipitation (Fig. 4B) 
decreases by 8 mm/day on the eastern fl anks 
of the central Andes and increases in the west-
ern Amazon basin by 3–5 mm/day compared 
to the control simulation. Temperatures in-

crease by 20–25 °C in the central Andes when 
the Andes are lowered but remain constant in 
regions where elevation is identical in both 
simulations (Fig. 4F).

The δ18Oprec in the northern, central, and 
southern Andes is 2–3‰, 4–8‰, and 2–3‰, re-
spectively, less negative in the No Andes experi-
ment than in the control simulation (Fig. 5G). 
The opposite signal is observed in the Amazon 
basin; δ18Oprec is more negative by as much as 
4–6‰ in the No Andes simulation (Fig. 5G). 
The Half Andes simulation shows a similar pat-
tern of change as a result of elevation decrease 
but of a smaller magnitude (Figs. DR1B and 
DR1G [see footnote 1]).

In the Amazon basin the higher precipitation 
rates at lower Andean elevation result in more 
negative δ18Oprec. In the northern and central 
Andes, changes in adiabatic cooling, amount 
effects, and moisture source all play a role in 
determining δ18Oprec. In the central Andes and 
north of the equator, an increase in precipita-
tion (Fig. 4B) with increasing elevation en-
hances the decrease in δ18Oprec expected from 
adiabatic cooling alone. In addition, as ele  -
vations increase, the Andes act as a barrier to 
zonal circulation and prevent moisture derived 
from the Pacifi c from penetrating inland result-
ing in greater infl uence from Atlantic-sourced 
moisture (Insel et al., 2009). In western South 
America, Pacifi c-sourced water has a shorter 
travel distance and undergoes less Rayleigh 
distillation than Atlantic-sourced water vapor, 
causing it to be less depleted. Switching from a 
Pacifi c to Atlantic moisture source therefore re-
sults in more negative δ18Oprec. In the southern 
Andes, where a slight increase in precipitation 
(1–2 mm/day at 50 °S, Fig. 4B) accompanies 
uplift and there is no change in moisture source 
(GEOSECS, 1987), the increase in δ18Oprec 
with increasing elevation is weaker than in 
the central Andes and dominated by adiabatic 
cooling effects.

Seaway Effects on δ 18Oprec

The seaway exerts a strong, local control 
on regional climate. We compare the areas af-
fected by (1) the southern, Paranan (60 °W, 
25–40 °S) and (2) northern, Amazonia (Brazil , 
Peru, Bolivia) regions of the seaway. In the 
Paranan region, evaporation and humidity in-
crease but temperature decreases (Fig. 4G), 
and precipitation rates remain very low (Figs. 
2C and 4C). In the Amazonia region, summer 
surface temperatures (Fig. 4G) are higher in 
the presence of a seaway. Higher relative and 
specifi c humidity over the seaway results in 
an increase in precipitation downwind in the 
northern and central Andes of up to 4–6 mm/
day (Fig. 4C).
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The effects of the seaway and the resul-
tant climatic changes on δ18Oprec depend on 
the δ18Oseaway. Two experiments, SWmarine and 
SWfreshwater, have a δ18Oseaway of ~–1‰ and 
–6‰, respectively. In the SWmarine experiment 
(Figs. 5C and 5H), the δ18Oprec south of 25 °S 
(Paranan) is up to 4‰ less negative than the 
control simulation. North of 25 °S (Amazo-
nia), δ18Oprec is more negative than the control 
simulation by 2–4‰. Maximum depletion oc-
curs in the northern Andes and the Amazon 
basin. In contrast, the SWfreshwater experiment 
results in more negative δ18Oprec throughout 

the continent (Figs. 5D and 5I). Maximum 
depletion occurs in the northern Andes, where 
the lowest values are between –22‰ and 
–20‰, 6–8‰ more negative than the control 
simulation.

Source and amount effects are responsible 
for changes in δ18Oprec in the presence of a 
seaway. In the Paranan region, where simu-
lated average precipitation rates are <1 mm/
day, the isotopic composition of the seaway 
dictates the direction of change in δ18Oprec. 
The δ18Oprec will shift in the direction of 
the δ18Oseaway. For example, in the SWmarine 

case, δ18Oprec becomes more negative. In the 
Amazonian region, the seaway drives an in-
crease in precipitation and therefore rainout 
effects, lowering the δ18Oprec. The δ18Oseaway 
determines the magnitude of δ18Oprec deple-
tion relative to the control. A more depleted 
seaway (SWfreshwater) causes a more nega-
tive δ18Oprec (Figs. 5H and 5I). Temperature 
changes (Fig. 4G) may also alter the δ18Oprec 
but are not the dominant control because the 
simulated temperature changes are expected 
to have the opposite effect on δ18Oprec than 
those simulated.

No Andes No Ice 4× CO2 Seaway 

E F G H

No Andes No Ice 4× CO2 Seaway 

A DB
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Figure 4. Austral summer climatology. Simulated summer precipitation (mm/day) (A–D) and temperature (°C) (E–H) difference between 
simulation and control (simulation minus control; see Figs. 2B and 2C) for (A and E) 4× CO2; (B and F) No Andes; (C and G) Seaway; 
(D and H) No Ice. Note that the contour intervals change at 6 mm/day and 10 °C in the precipitation and temperature plots, respectively. 
Although isotopes are different in the freshwater and marine seaway runs, the climate is identical.
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Antarctic Ice Sheet Effects on δ 18Oprec

The removal of the ice sheet results in a 
global MAT rise of 0.9 °C from 12.6 °C to 
13.5 °C. However, temperature increases pre-
dominantly occur south of 45 °S and are not 
observed in the summer average over South 
America (Fig. 4H). Precipitation rates change 
by 1–2 mm/day in a few isolated regions (e.g., 
75 °W; 40 °S, Fig. 4D).

The physical removal of the ice sheet (NoIce_
modOcean experiment) results in small regions 
that are 0–2‰ more negative than the control 
simulation (e.g., 0 °S, 65 °W; Figs. DR1E and 
DR1J [see footnote 1]). The addition of isotopi-
cally light meltwater to the oceans results in pre-
cipitation that is isotopically more depleted by 
a further ~1.2‰ (NoIce experiment, Fig. 5E). 
In the model, the change in δ18Oocean therefore 
causes a change in δ18Oprec of the same magni-
tude and is the dominant mechanism by which 
Antarctic ice formation alters South American 
δ18Oprec. The maximum impact of the ice sheet 
on δ18Oprec is ~2–3‰, but the impact is generally 
<2‰ (Fig. 5J).

Time-Specifi c Paleoclimate Scenarios

Interpretation of δ18Oprec records requires 
quantifying the combined effects of more than 
one control. Here we explore two time scenarios: 
(1) the late Eocene (Figs. 7A–7D), when Andean 
uplift began, and (2) the middle Miocene (Figs. 
7E– 7H), preceding and during the formation of 
many of the central Andean δ18Oprec records.

Late Eocene, ca. 40 Ma
The late Eocene scenario includes a low-ele-

vation Andes, 4×CO
2
, no Antarctic ice sheet or 

interior seaway, and a δ18Oocean corrected for ice-
sheet volume. Maximum temperatures of >40 °C 
occur between 20 °S and 30 °S in the Eocene 
simulation, which is >10 °C warmer than the 
present-day foreland and >30 °C warmer than 
the present-day (control simulation) high Andes 
at this latitude (Figs. 2B and 7D). Precipitation 
rates are reduced in the central and northern 
Andes  as a result of the removal of an orographic 
barrier, while elevated CO

2
 and low Andean ele-

va tion lead to increased precipitation in the Ama-
zon and equatorial Atlantic (Figs. 2C and 7C).

The middle Eocene δ18Oprec pattern (Fig. 7A) 
is signifi cantly different than the modern (Fig. 
2D). A single strong δ18Oprec minimum occurs in 
central South America, with a weaker minimum 
in the southern Andes. In the Eocene simula-
tion, precipitation is isotopically less depleted 
by >8‰ along the Andean range and 6–8‰ in 
eastern Brazil (Fig. 7B). Maximum differences 
between the Eocene and control simulation 
occur in the northern central Andes and west-

ern Amazon. The more negative δ18Oprec in the 
Amazon is associated with greater upwind pre-
cipitation rates (Figs. 2C and 7C). Higher tem-
peratures (Figs. 2B and 7D) and reduced rainfall 
rates (Figs. 2C and 7C) result in less negative 
δ18Oprec values elsewhere and particularly on the 
eastern central Andean fl anks.

Middle Miocene, ca. 15 Ma
The middle Miocene experiment is per-

formed using half Andean elevation and 2×CO
2
 

(Table 1). Simulated middle Miocene tempera-
tures in the Altiplano region are 20–25 °C, and 
precipitation rates are 3–11 mm/day (Figs. 7G 
and 7H), 10–15 °C cooler on the Altiplano, and 
6 mm/day drier on the eastern fl anks than the 
control simulation (Figs. 2B, 2C, 7G, and 7H). 
In the Miocene simulation, δ18Oprec is less nega-
tive everywhere in the Andes (by 2–8‰) and in 
eastern Brazil than the control simulation; but 
in the Amazon basin, δ18Oprec is more negative. 
The maximum decrease in δ18Oprec occurs in the 
southern Altiplano (Fig. 7F).

Cenozoic δ 18Oprec Patterns in South America
Combining the boundary conditions in these 

time-appropriate scenarios allows us to make 
estimations of past climate and δ18Oprec patterns. 
Based on the modern, Miocene, and Eocene 
simulations, we expect that δ18Oprec had lower 
spatial gradients and variability in the past (Figs. 
2D, 7A, and 7E). For example, the extreme low 
values in the central and southern Andes and in 
eastern Brazil (45 °W, 20 °S) that are present 
in the control simulation are not as low in the 
Miocene scenario and are weak or not present 
in the Eocene scenario. The Miocene δ18Oprec 
pattern is similar to modern but shifted toward 
less negative values with lower spatial gradients. 
At half the modern elevation, the Andes are still 
capable of modifying the regional climate and 
δ18Oprec. The Eocene δ18Oprec pattern is simple 
with δ18Oprec decreasing away from the coasts 
and toward higher latitudes.

In both scenarios, changes in temperature and 
precipitation patterns are consistent with the 
sensitivity experiments of the individual param-
eters. However, the total change in δ18Oprec in 
the Eocene scenario (Fig. 7B) is less than that 
expected from sensitivity experiments in which 
only Andean elevation, CO

2
, or δ18Oocean are 

changed (Figs. 5F, 5G, and 5J). This discrepancy 
is mainly due to δ18Oprec responding differently 
to increasing CO

2
 in the absence of the Andes. A 

strengthening of the Chaco Low, a low-pressure 
system in central South America, and changes 
in moisture source with increasing CO

2
 result in 

precipitation that is isotopically more depleted 
at low Andean elevations despite an increase in 
temperature.

IMPACTS OF CENOZOIC GLOBAL 
CLIMATE AND REGIONAL 
GEOGRAPHY CHANGES ON 
SOUTH AMERICAN CLIMATE 
AND δ18Oprec RECORDS

The simulations presented here show that 
global and regional climatic change can exert a 
signifi cant infl uence on δ18Oprec. Here we com-
pare the simulation results with existing climate 
and stable isotope records.

Impact of Global Climate and 
Regional Geography Changes on 
South American Climate

The climate of South America is signifi cantly 
altered by a rise in CO

2
, a change in Andean 

ele vation, and the presence of an inland seaway 
(Figs. 4A–4C and 4E–4G) but less so by the 
presence or absence of the Antarctic ice sheet 
(Figs. 4D and 4H). Although spatially variable, 
temperatures increase everywhere in response 
to an increase in CO

2
, whereas only local tem-

perature changes occur in response to increas-
ing Andean elevations and seaway incursions. 
An increase from no Andean elevation to full 
Andean elevation causes the greatest changes in 
surface temperature (up to 25 °C in the central 
Andes, Fig. 4F), but temperature changes under 
high (4×) CO

2
 conditions are signifi cant in com-

parison (10 °C, Fig. 4E). Predicted temperature 
changes in the presence of a seaway are mainly 
limited to the seaway and do not extend to high 
elevations (Fig. 4G). Given this, surface-tem-
perature records from multiple locations could 
help to distinguish between these factors. For 
example, a drop in temperature of 10 °C on the 
Andean plateau could represent an elevation in-
crease of around half (~2000 m), or a doubling 
of CO

2
 and an elevation increase of one third. 

The former would not be accompanied by tem-
perature changes in the foreland, while the latter 
would show an increase in temperature of ~3 °C 
in the foreland. This example highlights how 
sampling strategies could not only quantify the 
paleoclimate, but also help delineate between 
different mechanisms of climate change.

The seaway, Andean elevation, and, to a 
lesser extent, CO

2
 levels, are capable of causing 

large changes in the magnitude of precipitation 
rates in the northern Andes (Figs. 4A–4C). Pre-
cipitation rates in the central Andes are modi-
fi ed primarily by Andean elevation; an increase 
in elevation causes an increase in precipitation 
on the eastern fl anks. In the southern Andes, 
atmospheric CO

2
 is the dominant control on 

precipitation, particularly in the winter months 
(Fig. DR2 [see footnote 1]), in addition to 
some changes in response to elevation increase. 
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Precipitation rates in the Amazon region and 
eastern Brazil depend on CO

2
 levels, Andean 

elevation, and the seaway.

Impact of Global Climate and Regional 
Geography Changes on South American 
δ18Ocarb Records

Existing South American 
Stable Isotope Records

Simulation of δ18Oprec can improve inter-
pretations of δ18Oprec records by showing the 
relative importance of different controls on 
δ18Oprec for a given region. A brief summary of 
currently available records of Cenozoic South 
American δ18Oprec, including data from soil car-
bonates, lacustrine carbonates, and biogenic 
apatite from fossil mammal teeth, is as follows 
(see also Fig. 8):

(1) In the northern Andes, few carbonate 
stable isotope records exist because the cli-
mate is wet and not conducive for soil carbon-
ate formation. An exception to this is a recent 
study by Giovanni et al. (2010), who report 
lacustrine carbonate data from the Cordillera 
Blanca, Peru; these carbonates were deposited 
<5.4 Ma (Fig. 8A). The δ18Ocarb sample values 
range from –13.2‰ to –17.8‰, indicating that 
δ18Oprec was strongly depleted and suggesting 
that high elevations had been attained in this 
region by ca. 5 Ma.

(2) Central Andean climate is more conducive 
to carbonate formation, and data are available 
from the plateau and both fl anks. Palustrine and 
pedogenic carbonates from the northern Alti-
plano (Fig. 8B) record a decrease in δ18Ocarb from 
between –6‰ and –8‰ at ca. 28 Ma to between 
–10‰ and –16‰ at ca. 6 Ma (Garzione et al., 
2008; Garzione et al., 2006). The late Miocene 
part of this record indicates a 3–4‰ decrease in 
mean δ18Omw between 10 and 6 Ma (Garzione  
et al., 2006), when converted from δ18Ocarb 
using  paleotemperatures extracted from the 
same records using Δ47 clumped isotope paleo-
thermometry (Ghosh et al., 2006). Fossil mam-
mal teeth from the northern Altiplano show a 
decrease of ~10‰ in δ18Omw from ca, 26 Ma to 
10–8 Ma (Fig. 8C, Bershaw et al., 2010). The 
δ18Ocarb from the eastern Andean fl anks record a 
decrease of ~5‰ between 12.4 and 8.5 Ma and 
then an increase of ~4‰ by 7.5 Ma (Fig. 8D, 
Mulch et al., 2010). This pattern was attributed 
to Andean uplift and the initiation of a wetter 
and more seasonal climate (Mulch et al., 2010). 
A second record from the eastern fl anks, but at 
lower modern elevations, shows fl uctuations of 
δ18Ocarb between –14‰ and –6‰, prior to 7 Ma 
(Uba et al., 2009). The less negative δ18Ocarb 
values are from facies that are interpreted as 
marine inland seaway deposits. Palustrine and 

lacustrine carbonates from the Atacama Desert 
document a ~5‰ increase in δ18Ocarb between 
12 and 6 Ma, which is attributed to increased 
aridity due to the creation of an orographic bar-
rier when Andean heights are >2 km (Fig. 8E, 
Rech et al., 2010). To the south in northwest 
Argentina, Kleinert and Strecker (2001) iden-
tify an increase in pedogenic δ18Ocarb from be-
tween –11‰ and –8‰, 12–9 Ma, to ~–6.5‰ 
by 7–3 Ma and a further increase to between 
–5.5‰ and –1.5‰ during the Plio-Pleistocene 
(Fig. 8F). The δ18Ocarb increase was attributed to 
increasing evaporation in a more seasonal and 
drier climate, despite expected depletion due 
to the development of a rain shadow. Nearby, 
Latorre et al. (1997) document an increase in 
δ18Ocarb of 4‰ between 9 and 3.5 Ma (Fig. 8G), 
which they suggested may be due to an increase 
in seasonality and evaporation, possibly on a 
global scale.

(3) Finally, in the eastern foreland of the Pata-
gonian Andes, a decrease of 2‰ and an increase 
in variability is observed in pedogenic δ18Ocarb 
at ca. 16.5 Ma (Fig. 8H, Blisniuk et al., 2005). 
This change is attributed to rain-shadow de-
velopment that is slightly masked by increased 
evaporation, both of which are a consequence of 
Andean uplift.

Evaluation of δ 18Oprec Records Based on 
Simulation Results

This wealth of δ18Oprec data records provides 
valuable constraints on the tectonic and climatic 
evolution of South America. However, the ma-
jority of these records are currently interpreted 
in terms of local- and regional-scale processes 
and do not account for either global climate 
change or a seaway incursion. In some cases, 
local controls may dominate the signal; how-
ever, discounting regional change may lead to 
an over- or under-estimation of the magnitude 
of change in the dominant control.

The δ18O composition of carbonates is de-
pendent on the local evaporation rate and soil 
temperature during carbonate precipitation as 
well as the δ18O composition of the local mete-
oric water (δ18Omw). Increasing evaporation rates 
and decreasing soil temperatures drive increases 
in δ18Ocarb (Kim and Oneil, 1997; Quade et al., 
1989). Distinguishing these three different con-
trols is complex but is possible with (1) addi tional 
constraints on temperature, (2) sedimentological 
evidence of increasing aridity and/or humidity 
as an indicator of changing evaporation rates, 
and (3) prediction of δ18Oprec based on climate 
models and known climatic constraints. Cli-
mate models enable us to estimate both changes 
in surface temperature and δ18Oprec for a given 
change in boundary conditions. Predictions of 
both δ18Oprec and temperature effects on carbon-

ate formation can then be combined when exam-
ining δ18Ocarb records. Assuming that a decrease 
in surface temperature causes an increase in 
δ18Ocarb of ~0.12‰/°C (Kim and Oneil, 1997), a 
temperature increase of ~10 °C would increase 
δ18Ocarb by 1.2‰. Because GENESIS simulates 
surface temperature and not temperature at the 
depth of carbonate formation, these values are an 
approximation but help to determine the relative 
importance of temperature and δ18Oprec changes. 
For many of the boundary conditions presented 
here, predicted temperature effects are small 
compared to changes in δ18Oprec. Exceptions to 
this are the climatic responses to increasing ele-
vation and decreasing CO

2
 at low elevations. On 

the Andean Plateau, increasing elevation from 
low to full Andean elevation results in a tem-
perature increase of 20–25 °C and a decrease 
in δ18Oprec of 3–6‰, leading to a net decrease of 
~0–3.5‰ in δ18Ocarb. Decreasing CO

2
 from 4× 

to 1× PIL results in a temperature decrease of 
6–8 °C, a δ18Oprec decrease of 4–6‰ and there-
fore a decrease in δ18Ocarb of ~3–5‰. The seaway 
and ice sheet do not affect surface temperatures 
(Figs. 4G and 4H).

The very negative ca. 5 Ma δ18Ocarb found in 
the northern Andes (Fig. 8A, Giovanni et al., 
2010) has been attributed to high Andean eleva-
tions at that time. Our results show that the pres-
ence of a freshwater seaway could lower δ18Oprec 
by >4‰ in this region. However, the seaway had 
retreated by ca. 7 Ma (Hoorn et al., 2010), and it 
is therefore unlikely that a seaway contributed 
to these low δ18Ocarb observations. Increasing 
Andean elevation from half to modern eleva-
tion leads to a simulated decrease in δ18Oprec of 
only 2–3‰ in the northern Andes (Fig. DR1F), 
which is less than the spread of values recorded 
over a short period of time. We suggest that this 
record is consistent with Andean elevations that 
were within ~2000 m of the modern elevation 
by ca. 5 Ma.

Andean Plateau δ18Ocarb records indicate a de-
crease of ~1–2‰ in δ18Ocarb, and an increase in 
δ18Ocarb variability between 10 and 6 Ma (Garzi-
one et al., 2006). Ehlers and Poulsen (2009) and 
Poulsen et al. (2010) demonstrate that this record 
is consistent with increasing Andean uplift ac-
companied by a decrease in surface temperature 
and increases in convective precipitation on the 
Andean fl anks. However, decreasing CO

2
 could 

also have contributed to decreasing δ18Ocarb, re-
ducing the amount of surface uplift required to 
produce the same δ18Ocarb signal. The δ18Oprec is 
lowered by >3‰ on the Altiplano when CO

2
 

decreases from 2× to 1× PIL (Fig. DR1G [see 
footnote 1]). The CO

2
 levels have not exceeded 

2× PIL since 10 Ma (Demicco et al., 2003; 
Pagani  et al., 2005; Pearson and Palmer, 2000), 
but even a 1.5‰ CO

2
-driven decrease in δ18Oprec 
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would result in underestimates of paleoelevation 
by ~500–750 m. Conversely, the presence of a 
freshwater seaway from 15 to 7 Ma, but not after  
ca. 7 Ma, would mask an increase in elevation 
between 10 and 6 Ma.

The ~30-m.y. isotopic record of mammal 
teeth from the Altiplano indicates a decrease 
in δ18Omw of ~10‰ between 26 Ma and 10 Ma 
(Bershaw et al., 2010). Due to lack of data, it 
is impossible to determine whether the transi-
tion from 26 to 10 Ma was gradual or punctu-
ated. Increasing elevation and decreasing CO

2
 

levels are capable of decreasing δ18Omw. How-
ever, a decrease of 10‰ exceeds the isotopic 
response to any one control, or the combination 
of controls in the Miocene and Eocene sce-
narios. Possible reasons for this discrepancy in-
clude regional changes, e.g., ocean circulation, 
that are not accounted for in our experiments 
or higher evaporation rates at 26 Ma. Another 
possibility is that a seaway lowered δ18Oprec at 
ca. 10 Ma, contributing to the overall decrease 
from 26 to 10 Ma. This decrease in δ18Omw is 
consistent with the decrease in δ18Ocarb observed 
over a similar time period (Fig. 8B, Garzione 
et al., 2008), although the observed decrease 
in δ18Ocarb is smaller possibly due to changes in 
temperature or evaporation rates.

The late Miocene decreasing trends in δ18Ocarb 
on the Altiplano contrast with records from the 
western and eastern Andean fl anks, which in-
dicate increases of between 5‰ and 8‰ since 
ca. 11 Ma (Figs. 8E–8G; Kleinert and Strecker, 
2001; Latorre et al., 1997; Rech et al., 2010). 
These δ18Ocarb increases are consistent with 
decreasing local surface temperatures, increas-
ing evaporation rates, and changing seasonal-
ity. Changing seasonality could alter δ18Ocarb 
by changing the aridity and δ18Oprec during the 
season of carbonate formation. This increase is 
also consistent with increasing Andean eleva-
tion. On the eastern fl anks, our simulation re-
sults show that as Andean elevation increases, 
δ18Oprec in the adjacent foreland increases. This 
is because as Andean plateau elevations in-
crease, the strengthening South American low-
level jet transports enriched water vapor farther 
across the Amazon basin (Poulsen et al., 2010). 
Additionally, simulated evaporation rates on 
the eastern fl anks increase with increasing ele-
va tion. However, precise identifi cation of the 
locations of δ18Ocarb increase relative to δ18Oprec 
increase would require simulations at a higher 
resolution than those presented here, and this 
mechanism does not explain the contempora-
neous increase in δ18Ocarb on the western fl anks 
(Fig. 8E). Increasing ice-sheet size may have 
contributed ~1‰ to increasing δ18Oprec since 
10 Ma. Retreat of the seaway occurred before 
ca. 7 Ma and is therefore unlikely to have 

contributed to increases in δ18Ocarb that extend 
through out the past 10 Ma.

However, the seaway could have contrib-
uted to the negative δ18Ocarb excursion observed 
in the eastern Bolivian Andes by Mulch et al. 
(2010, Fig. 8D) between 10 and 7 Ma. Although 
an Amazonia seaway was present from ca. 24 
to 7 Ma, the extent of the seaway fl uctuated 
through time (Hovikoski et al., 2007; Uba et al., 
2009). Constraining the timing, extent, and iso-
topic composition of the seaway is a critical step 
in determining the infl uence of the seaway on 
δ18Ocarb records. Results show that the seaway 
has the potential to drive a decrease in δ18Ocarb 
at this location, but at this time it is not pos-
sible to determine how important the seaway 
was to these δ18Ocarb records. It is likely that the 
seaway did infl uence the δ18Ocarb records, but it 
may have contributed to the observed variability 
rather than the long-term trends.

When examining δ18Ocarb records from the 
southern Andes, it is more appropriate to use the 
mean annual δ18Oprec results because DJF is not 
the dominant rainfall season there. CO

2
 exerts 

the strongest control on δ18Oprec (Figs. 7F–7J), 
and we suggest that the contribution of CO

2
 to 

δ18Ocarb from this region (Fig. 8H) has previously 
been underestimated. For example, fl uctuating 
CO

2
 levels associated with the middle Miocene 

climatic optimum (Kurschner et al., 2008; Shel-
don, 2006) may have at least contributed to the 
high variability seen in the δ18Ocarb record, if not 
the longer term trends as well.

This review of the available δ18Ocarb records 
from South America indicates that Andean up-
lift likely played a dominant role in determin-
ing δ18Oprec during the past 15 Ma. Uplift of the 
Andes alters δ18Oprec both as a direct result of 
lower temperatures at higher elevation and also 
through modifi cation of regional circulation pat-
terns. However, CO

2
 levels and an inland seaway 

also contributed to δ18Oprec. Discounting these 
latter effects could lead to misinterpretations of 
paleoelevation and paleoclimate. Key uncertain-
ties in making more detailed predictions about 
observed δ18Ocarb records using simulation re-
sults include knowledge of CO

2
 levels, timing of 

Andean uplift, and the timing and isotopic com-
position of seaway incursions. Terrestrial tem-
perature records and good spatial distribution of 
contemporaneous δ18Ocarb records are potential 
avenues by which to improve constraints on the 
relevant controls for a particular time period.

Implications for Paleoaltimetry 
Data Interpretation

Stable isotope paleoaltimetry techniques use 
modern isotopic lapse rates to infer changes in 
elevation from records of δ18Oprec. Paleo eleva-

tion estimates from the Andes place an impor-
tant constraint on plateau formation mechanisms 
(Barnes and Ehlers, 2009; Garzione  et al., 
2006). Our results show that changes in global 
and regional climate can complicate the extrac-
tion of paleoelevation estimates from the δ18Ocarb 
record. Specifi cally, the model results show that 
an underestimate of paleoelevation would be 
made from carbonates that formed at elevated 
CO

2
 levels (see also Poulsen  and Jeffery, 2011) 

and estimates that do not account for climatic 
change caused by Andean surface uplift. In con-
trast, δ18Oocean changes asso ciated with lower ice 
volumes would lead to paleo eleva tion estimates 
that are too high. Impacts of the seaway on paleo-
altimetry depend on the timing and composi-
tion of the seaway; if the seaway were present 
at the time of carbonate formation, paleoeleva-
tions would again be overestimated, possibly by 
as much as ~1000 m. For example, a shift in 
δ18Omw of 4‰ would be interpreted as an elevation 
change of 1400 m based on a modern global aver-
age lapse rate of 2.8‰/km (Poage and Chamber-
lain, 2001). We note, however, that this number is 
an approximation because lapse rates have been 
documented to be temporally and spatially vari-
able (Poulsen et al., 2010). A local Andean lapse 
rate of 2.1‰/km (Gonfi antini et al., 2001) would 
yield an esti mated elevation change of 1900 m for 
a δ18Omw shift of 4‰, approximately half of the 
modern Andean Plateau elevation. At least half 
of such a 4‰ shift in δ18Omw could be driven by 
changing CO

2
 levels  or an inland seaway incur-

sion. If this were the case, paleoelevation esti-
mates would be in error by ~700–1000 m or more.

Caveats

Like all modeling studies, this study has limi-
tations that should be considered in evaluating 
the results. In comparison to most paleoclimate 
studies, we have used a fairly high-resolution 
global climate model. Nonetheless, spectral 
truncation reduces the maximum elevation 
of high, narrow mountain ranges such as the 
Andes , which reduces the maximum orographic 
precipitation and raises minimum temperatures. 
As a result of using an older topographic data 
set, the simulated topography in the southern 
Andes is slightly too low, which may reduce 
the magnitude of simulated change in δ18Oprec 
when the Andes are lowered. However, due to 
the spectral truncation of narrow topography, a 
higher elevation in the initial data set is unlikely 
to make a large difference. However, the general 
patterns of wet or dry and cold or warm regions 
are well represented in the model, as are the 
δ18Oprec patterns. Our use of a slab-ocean model 
prohibits the simulation of ocean-surface cur-
rents and longitudinal variations in sea-surface 
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temperatures. The distribution of sea-surface 
temperatures is known to be important to mod-
ern South American climate. For example, the 
Humboldt current promotes hyperaridity in the 
Atacama Desert (Hartley, 2003; Houston and 
Hartley, 2003), and El Niño–La Niña South-
ern Oscillation governs interannnual variability 
(Ropelewski and Halpert, 1987). A more real-
istic sea surface temperature (SST) distribution 
improves the simulated modern climate using 
GENESIS and is likely to improve the simu-
lated δ18Oprec distribution as well. Future simula-
tions incorporating an ocean circulation model 
will help to reduce this uncertainty. The vegeta-
tion in our simulations is prescribed as modern. 
Important climatic processes such as moisture 
recycling in the Amazon region depend on veg-
etation properties. Given the amount of climatic 
change simulated, it is likely that the vegetation 
patterns have also changed. Such vegetation 
changes are unlikely to have large direct impacts 
on δ18Oprec but may infl uence the climate, and 
thus indirectly δ18Oprec. Finally, uncertainties in 
the paleoclimate record of the boundary condi-
tions and their implementation in the model lead 
to uncertainties in the interpretation of δ18Ocarb. 
In particular, improved knowledge of past atmo-
spheric CO

2
 levels and the nature and timing of 

the inland seaway would provide better con-
straints on potential causes of δ18Ocarb shifts.

CONCLUSIONS

Our results indicate that both global and re-
gional factors have signifi cantly modifi ed the 
climate and δ18Oprec of South America during 
the Cenozoic. Precipitation rates are modifi ed 
by changes in elevation, and higher precipita-
tion rates are caused by the presence of the 
South American inland seaway in the mid to 
late Miocene.

δ18Oprec is sensitive to Cenozoic climate and 
environmental change. In particular, δ18Oprec 
is expected to have decreased over most of 
the continent through the Cenozoic, except in the 
Amazon basin, due to increasing Andean ele-
vation and decreasing atmospheric CO

2
. This 

trend is partially counteracted by an increase 
in δ18Oocean as a consequence of ice-sheet for-
mation. An excursion toward more negative 
δ18Oprec is predicted during the mid-late Mio-
cene when an inland seaway was present. Un-
certainty in the timing, extent, and isotopic 
composition of the South American inland 
seaway limits our ability to predict the impact 
of the seaway on δ18Ocarb records. The δ18Oprec 
is more sensitive to changes in CO

2
 at higher 

elevations (Poulsen and Jeffery, 2011). Thus as 
Andean elevation has increased, δ18Oprec has be-
come more sensitive to smaller changes in CO

2
.

Existing stable isotope records of δ18Oprec are 
consistent with predictions of changes in δ18Oprec 
due to Andean uplift and associated climate 
change. However, these records are also consis-
tent with Andean uplift accompanied by chang-
ing CO

2
 levels and inland seaway incursions, 

as well as local changes in temperature and 
evaporation rates. We therefore suggest alterna-
tive explanations for existing records, quantify 
uncertainties in paleoelevation estimates, and 
show that it is necessary to consider all of these 
factors when interpreting Cenozoic records of 
δ18Oprec in South America.
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